1IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. SC-21, NO. 1, FEBRUARY 1986

187

Hot-Carrier Generation in Submicrometer.
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Abstract — Submicrometer MOSFET’s may suffer from reliability de-
gradation, which has a strong correlation with substrate current. In order to
know what is happening to substrate current in a VLSI environment, a
substrate-current circuit simulator is developed. The simulator is applied to
MOS unit circuit blocks, VLSI static memories, and dynamic memories
and their hot-carrier duty ratios are calculated. A new circuit technology
called Normally-On Enhancement MOSFET Insertion (NOEMI) is pro-
posed which can suppress hot-carrier generation. Several design implica-
tions for submicrometer VLSI’s are obtained through the analysis.

I. INTRODUCTION

ELIABILITY degradation of small geometry
MOSFET’s due to hot carriers is one of the most
serious problems that prevail for high-speed and high-den-
sity VLSI’s. It is known [1] that the threshold voltage shift
and conductance degradation have close relation with sub-
strate current which is a good monitor of the amount of
hot carriers generated. Much effort has been devoted to
characterizing the degradation by means of dc measure-
ments and there has been some work on ac measurement of
n-channel inverters [2]. However, MOSFET’s in a complex
circuit see unique bias conditions, because the drain and
gate voltage change simultaneously in time. In order to
understand the hot-carrier generation in VLSI environ-
ment, a substrate-current circuit simulator is developed
and applied to MOS complex circuit blocks and VLSI’s [3].
It is found that a serial connection of n-channel tran-
sistors is effective in reducing hot-carrier generation. Using
this principle, new circuits to suppress the hot-carrier gen-
eration are proposed. There are other VLSI design implica-
tions obtained by the analysis for static and dynamic
memories. Especially in dynamic RAM’s, the MOSFET’s
which discharge bootstrapped nodes generate much more
hot carriers than other transistors operated under normal
voltage of V.. A remedy for this situation is Normally-On
Enhancement MOSFET Insertion (NOEMI) circuit tech-
nology. For dynamic RAM’s (DRAM), a half V,, pre-
charge scheme is shown to improve hot-carrier generation
compared with a V,_ precharge of bit-lines.
Section II of this paper describes a basic numerical
model of substrate current and. its simple applications.
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Section III is for new circuit technology which suppress
hot-carrier generation. Sections IV and V deal with sub-
strate-current analysis of static and dynamic RAM cases,
respectively. Section VI is dedicated to conclusions.

II. BASIC MODEL AND SIMPLE APPLICATIONS

The substrate-current model is basically a combination
of Sing et al’s [4] and Hu’s [5], modified to include
substrate bias effects in the form of Taylor’s expansion.
Previous models fail to reproduce back-gate bias effects.
The concrete expressions for 0.8- pm poly-gate-length con-
ventional devices with oxide thickness of 16 nm are shown
below:

Isub = Ids * a(Vds - Vdsat)b
a=224+10"5-0.10+10"5V,,

b=64

_ Vg.rth LeifEsat

Vd t
* Vgsrh + Leff Esat

Vean = Voo — Vi —0.13V,, = 0.25V,,

E, =1.10%107+0.255107V,,

where I, is for substrate current, I, for drain—source
current, ¥V, for drain-source voltage, V,, for gate-source
voltage, V, . for bulk—source voltage, V,,, for drain satura-
tion voltage, L., for effective channel length in meters,
and E_,, for velocity saturation field in volts per meter.

A substrate current is basically expressed as a drain-
source current multiplied by a factor, the form of which
has been introduced by Sing et al. somewhat empirically.
They concluded that the best value for the parameter b is
7.0. The expression for the drain saturation voltage has
been reported by Hu and can be considered as a harmonic
average of a conventional (V,, —V,,) term and a velocity
saturation term. Linear modification terms are added em-
pirically to best reproduce the measured results.

The resulting model includes seven empirical parameters,
which are given in concrete numbers in the above expres-
sions. I, is modeled by level 3 model of SPICE [6]. The
matching between measured results and the model calcula-
tion is good as shown in Fig. 1. Fitting was also successful
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Fig. 1. Numerical model of substrate current. Circles are measured
points. This device is the conventional n-channel MOSFET. The fitting
was also successful for a 1.0-um LDD device [3]
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Fig. 2. Substrate current waveforms of a submicrometer inverter. (a)

Simulated waveform, (b) measured waveform including charging—dis-

charging current of capacitances which is not hot, and (c) substrate
current of CMOS inverter at 77 K and room temperature. The circuit
exhibits three times larger substrate current at 77 K, but the circuit
behavior is essentially unchanged.

for 1.0-um poly-gate-length LDD MOSFET if the set of
seven parameters is chosen appropriately [3].

The model is implemented in a program written in
“awk” of UNIX which serves as a post processor of
SPICE. First, SPICE simulates voltage waveforms of all
nodes in a circuit. Then, the post processor calculates the
substrate-current waveforms using the SPICE output as
input.

Fig. 2(a) and (b) is a comparison between simulated and
measured substrate-current waveforms for a CMOS in-
verter consisting of 1-um MOSFET. The agreement is
satisfactory. It should be noted that substrate-current of
typically loaded circuit generated at turning-off of the
n-channel MOSFET is negligibly small (by over two orders
of magnitude) compared with a turning-on case. In Fig.
2(c) substrate current of CMOS inverter at 77 K and room
temperature is shown. The circuit exhibits three times
larger substrate current at 77 K, but the circuit behavior is
essentially unchanged.

Fig. 3 shows a dependence of substrate current of an
inverter on load capacitance. Positive dependence of the
hot-carrier generation on the load capacitance is observed.
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Fig. 3. Substrate current for various load conditions. The heavily loaded
inverters, such as bus drivers, are in serious condition in terms of
hot-carrier generation. In the measurements, ¢, was set to 100 us and
14., was 1.24 mA. Load capacitances for four measured black circles are
100, 1000, 5000, and 11 000 pF from the left. In the simulation, two
values are used for ¢, namely, 100 ps and 1 ns. For t; of 1 ns, eight
orders of magnitude ‘smaller capacitances are used compared with the
100-us case. The duty was essentially the same between these two cases
if the load factors were equal.
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Fig. 4.V, -V, trajectories of CMOS inverters and equi-1,,, plot. Load
capacitance is assumed to be 10, 100, and 1000 fF for lightly, typically,
and heavily loaded conditions, respectively. The inverter configuration is
the same as that in Fig. 3. L, is set to 1 ns in the calculation.

It is to be mentioned that lower load capacitance is prefer-
able.

The vertical axis of Fig. 3 is a normalized hot-carrier
charge generated in one transient. I, peax 10 the normaliz-
ing factor is the maximum dc substrate current of the
n-channel MOSFET generated when the drain voltage is
set to V. and the gate voltage is varied. This value of
I, pear 18 Often employed to characterize the dc hot-carrier
degradation of MOSFETs, so that the normalizing factor
(2, % I pear) 1S the hot-carrier charge generated under the
severest dc stress. It should be noted that Lo pea 18 not a
peak value of a substrate-current waveform observed in the
time-domain measurements. That is, Ly pear TEMains con-
stant if V¥ and size and structure of the n-channel tran-
sistor are kept unchanged, even if the load capacitance
and/or the circuit configuration is changed. The above

definition of the Lo peax 18 used throughout this paper.
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Comparison of simulated and measured waveforms for NAND gate, when the lower transistor turns on first followed

by the upper transistor.

The results of Figs. 2 and 3 can be explained by using
V,s—Vus trajectories together with constant substrate-cur-
rent plot as shown in Fig. 4. More concisely, Fig. 4 is a

.s—Vas Plane where constant [, contours are shown.
Vys—Vys bias trajectories felt by the n-channel MOSFET in
the inverter are superimposed on this plane. It is seen that
the trajectory for heavily loaded inverter passes through
the higher I, region and that the trajectory for discharg-
ing case goes through much higher I, region than charg-
ing case.

Another example of the simulator is for NAND circuit
when the lower input rises after the upper input rises,
where the lower input means the input near to V,, and the
upper input signifies the input near to the output node.
The comparison of the simulated and measured results is in
Fig. 5, which shows good agreement.

III. HoOT-CARRIER SUPPRESSING CIRCUIT

‘TECHNOLOGY

When the lower input (input 72) rises after the upper
input (input 1), NAND circuits in Fig. 6(a) have better
hot-carrier characteristics than inverters and OR gates. Serial
connection of nMOSFET’s relaxes drain voltage of each
MOSFET and hence hot-carrier generation. Fig. 7(a) shows
V,s—Vas trajectories in this circumstance. The trajectories
do not go through high ¥, region. Because of the exponen-
tial dependence of substrate current on V,,, the circuit
generates more than two orders of magnitude smaller hot
carriers compared with an inverter as shown in Fig. 7(b).
In this sense, a NAND-rich scheme is recommended for logic
VLST’s if careful design considerations can be made so that
the upper n-channel transistor turns on first followed by
the lower transistor. In the same sense, a Clocked CMOS
[7] (C*MOS) in Fig. 6(b), where a clock comes after input
signals settle, generates less hot carriers than a transmis-
sion gate in Fig. 6(c) by a factor of a hundred.

Using the same principle, HOt-carrier REsistant Logic
(HOREL) is proposed, which can reduce the generated hot
carriers by more than two orders of magnitude. The salient
feature of the HOREL is NOEMI at the top of the
n-channel logic like in Fig. 8. The HOREL at 5 V operates
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Fig. 6. Calculated duty ratios in typical (a) NAND gate, (b) C2MOS gate,
and (c) transmission gate. The definition of the duty ratio for this figure
is the same as that in Fig. 3. The dimension of p-channel and n-channel
transistors are as follows: Wp/Lp=4 um/1.2 ym, Wn/Ln=4 pm/1.0
pm. ¢, is 0.3 ns and load capacitance is 40 {F for all cases.
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Fig. 7. (a) V,,-V,. trajectories of NAND gate, when the upper transistor
turns on fitst followed by the lower transistor, and (b) measured
substrate-current characteristics of the NAND gate. A very small amount
of substrate current is generated in this case compared with the inverter
case in Fig. 2. ¢, is 0.3 ns and load capacitance is 40 fF for (a) and (b).

faster than that of normal inverters at 3 V by a factor of
10-40 percent, depending on the logic configuration, while
maintaining the hot-carrier generation at the same order.
This speed advantage comes from the following reasons. In
the HOREL, p-channel logic part is operated under a 5-V
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Fig. 8. HOREL: (a) basic configuration, and (b) delay characteristics.
The HOREL is characterized by the NOEMI at the top of an n-channel
logic tree.

system to achieve higher speed performance over 3-V oper-
ation. Since the p-channel MOSFET shows three orders of
magnitude better hot-carrier reliability, it is not required to
decrease the operation voltage for p-channel logic part. For
n-channel logic part, a voltage swing of the gate input is 5
V in the HOREL, which is to be compared with 3 V in the
conventional approach.

Since serially connected transistors can be efficiently
layed out, silicon area penalty of the inserted MOSFET is
less than 30 percent even in an inverter. For NAND gates,
penalty is less than 20 percent. In a memory VLSI, area
occupation of random logic part is less than 10 percent.
Therefore total chip area increase is less than 3 percent,
which is considered negligible. In a logic VLSI, random
logic part is, say, 20 percent excluding RAM, ROM, wir-
ing, and bonding pad area. Considering more than half of
the gates are not simple inverters but complex gates, the
total chip increase is about 5 percent. These area estima-
tions are for the case where all the logic part is constructed
by using the HOREL. However, the selective use of the
NOEMI technology is also effective in VLSI’s. Some exam-
ples are demonstrated in Sections IV and V.

It is reported [8] that in MOSFET with oxide thinner
than 10 nm, hot-carrier generation mode can be changed.
However, even for the different generation modes the
NOEMI is considered to be effective since the modes show
the exponential dependence on V.

IV. StaTic RAM CASE

Application to VLSI static RAM [9] is demonstrated in
Fig. 9. Simulated duty ratios are shown for heavily loaded
bus drivers. The definition of the hot-carrier duty ratio is
in the figure. I, ... is a peak substrate current at the
worst dc bias condition that is usually adopted in a dc
measurement for the hot-carrier resistivity of the MOSFET.
A more detailed explanation of Iy peax 18 in Section II.
The most dangerous transistor in terms of hot-carrier gen-
eration is a transfer gate of a memory cell. This is because
when read “0” operation takes place and a word-line is
turning on, the V, —V,, trajectory for this transistor passes
through the point where V, is V,, and V,s is about the
middle of V.. Applying lower voltage to a-bit-line helps to
decrease hot substrate current drastically without increas-
ing bit-line delay [10]. Since the duty ratio for the
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Fig. 10. Hot-carrier duty ratios for dynamic RAM circuits. (a) Widely
used E/E type clock generator, and (b) memory-cell peripheral circuits.
The meaning of I, .. is explained in Section II. Values are in
percents. Black arrows indicate the place where NOEMI is required.
Duty of M23 is 2.3 percent (in the bracket) when the control timing is
set so as to discharge the word-line charge through this MOSFET M?23.
The duty is about zero if the word-line is discharged through other
MOSFET’s. But in this case, there exists some other MOSFET’s that
discharge the bootstrapped lines and those MOSFET’s are in serious
condition in terms of hot-carrier generation.

memory-cell transfer gate is almost proportional to word-
line delay, aluminum word-line is preferable. On the other
hand, driver transistors in a memory-cell flip-flop have a
low duty ratio. It is interesting to note that the current-mir-
ror sense amplifier shows a low duty ratio, although the
circuit contains direct current path from V,, to Vs This is
because the circuit includes serial connection of nMOS-
FET’s.

V. DynaMmic RAM Case

Fig. 10 shows typical DRAM circuits with simulated
hot-carrier duty ratios. A cycle time is assumed to be 100
ns in calculating the duty ratio. In a clock generator (Fig.
10(a)), MOSFET M7 suffers from a high duty ratio, be-
cause its drain is bootstrapped to about 1.5V, and large
amounts of hot-carriers are generated at discharging of the
high voltage. The same kind of situation occurred in a
word-line driver (Fig. 10(b)). When the bootstrapped
word-line is discharged through M23, the MOSFET is in a
serious condition and NOEMI is required at the arrowed
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point. It can be said that these MOSFET’s are operated
under an 8-V system due to the bootstrapped circuit na-
ture, although the supply source voltage is 5 V.

If the NOEMI is applied to the nodes pointed out by a
black arrow, the duty ratios are decreased by more than
three orders of magnitude. Since the gate of the inserted
enhancement MOSFET is biased to V,,, the middle node is
charge only up to V,.-V,,, where ¥, is a threshold voltage
of the inserted MOSFET with a body effect. The speed and
area overhead of the inserted MOSFET is negligibly small.

To summarize, certain MOSFET’s that discharge
bootstrapped nodes generate many more hot carriers than
any other transistors. Selective use of NOEMI circuit tech-
nology for these highly stressed MOSFET’s are effective in
reducing the generated hot-carrier amount without degrad-
ing operation speed.

It is not effective to use longer thannel devices for these
highly stressed MOSFET’s. Substrate current of 2.0-pm
MOSFET can be reduced only by a factor of three com-
pared with 1.0-um gate device. This is because the high
electric field is determined mainly by junction depth, im-
purity profiles, and oxide thickness near the drain. More-
over, use of the longer channel device increases an input
gate capacitance, which is not the case in the NOEMI.

Another point of interest is about a precharge level of
bit-lines. A half-V,, precharge scheme is adopted to simu-
late the memory array operation. The duty ratio of the cell
transfer gate (M24) is smaller than in the case of V..
precharge scheme by about three orders of magnitude. This
is because the maximum V, is limited to a half V..
indifferent to the stored data being either “1” or “0” in the
half-V, . precharge scheme. If the half-V,_ precharge scheme
is employed, there is no need to limit the voltage swing of
bit-lines by using complex voltage down converter.

VI. CONCLUSIONS

Hot-carrier duties in VLSI’s depend strongly on Ves=Vas
trajectories. High-dutied MOSFET’s can be eliminated by
carefully designed NAND gates, Clocked CMOS (CZMOS)
gates, the HOREL, and the NOEMI circuit technology. In
memories, lowering bit-line precharge voltage is effective,
and in special cases in DRAM’s a half- V.. precharge
scheme is recommended.

In any case, the amount of generated hot carriers in
submicrometer VLSI environment can be reduced by care-
ful design consideration based on circuit physics of Ves—Vus
trajectory control. This type of consideration is now begin-
ning and some work has been reported in this course [11],
but it will become vital in exploring high-speed and high-
density submicrometer VLSDs.
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